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(54) METHOD FOR MACHINING AND INSPECTING OF WORKPIECES

(57) The invention relates to a method for the ma-
chining of workpieces (11) and inspection of the proc-
essed workpiece surface in a machine tool (1), preferably
a die sinking electrical discharge machine. The method
comprising at least one machining process interruption
during which the processed surface of the workpiece (11)
is inspected. Within said machining process interruption,
at least one image of the processed workpiece surface
is captured on the machine tool (1) by means of a digital
camera (12). The images are processed by one or two
pattern recognition algorithm (PRA D, PRA S), which
were previously trained to determine the surface charac-
teristics such as roughness parameters, functional sur-
face features and/or characteristic defects of the proc-
essed workpiece surface captured on that at least one
image. The determined surface characteristics are used
to resume the processing of the workpiece surface with
or without adjusting the processing parameters. The in-
vention includes an accordingly functioning machine tool
(1).
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Description

Field of the Invention

[0001] The invention relates generally to a machine
tool, and more specifically to an improved machining
method including the characterization of a machined sur-
face based on an image thereof. The image is captured
in situ meaning on the machine tool during a machining
process interruption. The surface characteristics are
evaluated by means of a previously trained pattern rec-
ognition algorithm.

Background of the Invention

[0002] The result of the machining of a part on a ma-
chine tool is a workpiece with a specific geometry, but
also with specific surface characteristics. The surface
characteristics of the workpiece become in most cases
very important properties of said workpiece. In particular,
the process of die sinking electric discharge machining
(EDM) allows reproducing a shape in a workpiece by
impressing the geometry of a negative shaped electrode.
In order to achieve the material removal, a series of
sparks is carried out between tool electrode and work-
piece, leaving on the latter a more or less rough surface.
As mentioned, this surface is very important, since in
most die sinking processes, the produced workpiece is
a mold which is used as a tool of an injection molding
process, to produce objects out of plastic or metal in large
quantities, thus copying the surface structure of the mold.
[0003] The surface characteristics may be determined
by esthetical reasons or by functional reasons, or both.
The die sinking process produces a very homogeneous,
basically isotropic machined surface. The process can
be adapted to produce for instance surfaces that ease
the unmolding process, so that the final product is more
easily and quickly removed from the mold, and without
damaging said product during the unmolding process.
In other cases the processed workpiece is a final part
that can be used directly or with minimal additional
processing, like e.g. orthopedic implants. Here an appro-
priate surface can ease after the surgical implantation
the bone growth on the implant.
Therefore, an indispensable acceptance criterion for any
processed workpiece is the achievement of the demand-
ed surface characteristics.
[0004] According to current practice, at the end of the
machining process the workpiece is most often removed
from the EDM machine, cleaned and dried and then it is
measured by means of a roughness measuring device
and by means of a coordinate measuring machine
(CMM).
However, if the measured surface roughness or a dimen-
sion does not match the requirements, there is no way
of correcting the error, also in case of palletized work-
pieces. This is due to the fact that the exact repositioning
of workpiece and electrode, and recreating the micro-

scopic gap conditions which are required to resume ma-
chining is in many cases impossible. This results in costs
that can become very important, according to the type,
size and complexity of the mold.
[0005] Although non-contact surface inspection sys-
tems have been introduced about 30 years ago, tactile
instruments are widespread. In practice, the roughness
is mostly measured with stylus-type profile measuring
instruments. The surface characteristics are measured
by a linear scan or sometimes by several parallel scans
close to each other. A measurement of the entire surface
is impossible or obtainable only with big efforts.
Here the features measured are: the arithmetic average
of the roughness profile Ra, the maximum height of the
roughness profile Rz, the mean width of profile elements
RSm, and the like, according ISO 4287. Such products
are manufactured e.g. by Taylor Hobson Ltd., Leicester,
England. The cost of such measuring instruments is quite
substantial. While portable roughness measuring instru-
ments by which the part can theoretically be measured
in situ are available, these instruments are rarely appli-
cable, due to the small size of parts, the need to prepare
the measuring surface on board of the machine or due
to inaccessibility of the processed area in situ, etc.
[0006] A further problem is that, being EDM a thermal
process, micro cracks, burns, pitting and other defects
can occur on the machined surface. These defects are
not identified by the mentioned conventional instruments,
and yet they can have fatal consequences, when ma-
chining parts for the medical or aerospace fields, since
they reduce the lifetime of the part.
[0007] Although conventional roughness measuring
instruments provide profile amplitude parameters, profile
spacing parameters and hybrid parameters, they are not
able to safely identify a functional structure or more ge-
nerically a particular physical property of a surface. In
this context the term "functional structure" means a ge-
ometric feature of the surface which provides a particular
physical property such as: superhydrophobic-, oleopho-
bic-, antibacterial properties etc. This kind of surface can
be obtained intentionally by laser processing or by EDM
machining.
[0008] Makino Milling Machine Co. Ltd, Japan, and Al-
icona Imaging GmbH, Raaba, Austria have addressed
this problem by integrating a sophisticated measuring
device on a machine tool. The workpiece can be inspect-
ed on board of the EDM machine (in situ), without un-
clamping the workpiece, thus maintaining exact position-
al relation between workpiece and electrode. If required,
the machining process can be resumed after the meas-
urement. The InfiniteFocus measuring device by Alicona
is an optical instrument which is based on the focus var-
iation method (www.alicona.com/products/infinitefocus).
The optical system of Alicona comprises a digital micro-
scope which executes a vertical scan of the cavity to be
inspected in steps of 2300nm down to 10nm. The system
has a very small depth of focus, thus only the edges at
a certain vertical position are sharp with each scanning
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step. The sharp areas of the image in a plane are iden-
tified and stacked to a three-dimensional representation
of the cavity. The InfiniteFocus system which is also de-
scribed in EP2132524B1 provides a very accurate illus-
tration of the topography of the cavity. The acquired to-
pography can be processed providing dimensional val-
ues and areal roughness values of the selected area. It
is to be noted that InfiniteFocus requires a remarkable
computing power to process the images and get the to-
pography in reasonable time.+ Moreover, the process of
acquiring a given location requires multiple images and
stage motions, and is therefore time consuming.
Due to the size of the focus variation microscope and the
need keep the machining area free in operation and to
protect the microscope itself, said measuring device is
placed on a separate motorized vertical stage, parallel
to the quill of the EDM machine.
The drawback is the very high cost of the measuring de-
vice itself, and its implementation within the machine tool
that makes it unaffordable for most users. Another draw-
back is, that the disclosed apparatus only carries out the
standard measurements (determining the parameters
Ra, Rz, Rmax, Sa, Sq, Sz ...) and provides a 3D topog-
raphy, but is unable to measure functional surfaces in
the wide sense. Moreover, acquiring images that cover
a large area may be very time consuming due to the
multiple images and stage motions required to acquire
each given location.
Thus, there is a need for an efficient and affordable on
board measuring system by which the surface charac-
teristics including possible defects can be determined in
situ on the machine tool.

Summary of the Invention

[0009] The object of the present invention is an im-
proved machining method in which the surfaces pro-
duced by electrical discharge machining or by another
machining process are characterized by a digital camera
based measurement that takes an image of the proc-
essed surface, and analyzes said 2D image in order to
estimate the surface characteristics. Such analysis is
performed by a pattern recognition algorithm, which
takes as input an image of the surface and produces as
output an estimation of the surface characteristics.
[0010] In a preferred embodiment of the invention, the
pattern recognition algorithm implements machine learn-
ing techniques; such pattern recognition algorithm is pre-
viously trained on a training dataset, which consists in a
list of reference images of surfaces whose surface char-
acteristics are known.
Here a training dataset is determined beforehand. The
training dataset comprises at least an image of each of
a plurality of reference surfaces, and, a surface charac-
teristic of each said reference surfaces which has been
determined using a reference measuring equipment.
A pattern recognition algorithm is then automatically
trained by means of the training dataset, i.e. the above

mentioned images of reference surfaces and the meas-
ured surface characteristics which are associated to each
said image.
Once the pattern recognition algorithm is trained it is
ready to be used to estimate the surface characteristics
of a newly produced surface. An image of a machined
surface is captured by means of a digital camera mounted
on the machine tool, directly in situ. The image is proc-
essed by means of the pattern recognition algo-rithm
which provides the estimate of the surface characteris-
tics.
Note that, depending on the specific machine learning
algorithm implemented, the training dataset may not be
needed anymore, that is, the images must not be stored
for using the algorithm on the machine.
[0011] In another embodiment of the invention, the pat-
tern recognition algorithm compares the image of the
processed surface to the images of the surfaces existing
in the training dataset, and determines the best matching
surface among those.
[0012] In a further embodiment of the invention, the
one or more predefined training datasets and/or said one
or more pattern recognition algorithms are stored in a
machine tool control unit of the machine tool or remotely.
If stored remotely, the dataset(s) is accessible to a ma-
chine tool control unit of the machine tool by means of a
network.
[0013] The inventive solution is based on the consid-
eration that a machined surface achieves a desired tech-
nical or aesthetical effect if the entire surface meets the
requirements. For instance a functional surface on a
workpiece is provided by the collectivity of functional
structures on it. Thus the measure must be based on the
integral observation and not on a line measure.
[0014] The optical device used can be e.g. a camera
comprising a CCD-sensor, for instance a product from
Conoptica AS, Klaebu, Norway (www.conoptica.com).
Any digital camera with sufficient resolution can be used
to capture the image of the processed surface.
[0015] Preferably the digital camera is fixedly or re-
movably mounted inside the machine tool and commu-
nicates with the machine tool Computer Numerical Con-
trol (CNC) software.
In a preferred embodiment, the digital camera is
equipped with a mechanical interface (or holder) by which
it can be precisely, reproducibly and automatically ma-
nipulated, clamped to a chuck and removed therefrom,
stored and generally managed like a standard tool, and
controlled by the CNC of the machine tool. In the case
of electric discharge machines said mechanical interface
is a standard electrode holder of known type, comprising
a drawbar and precise geometrical references, thus be-
ing fully compatible with the clamping system of the ma-
chine. In this way the optical axis of the digital camera is
perfectly parallel with the Z-axis of the machine.
In a preferred embodiment the digital camera is automat-
ically clamped on the chuck of the machine head instead
of the tool to execute the in situ image acquisitions. In
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this way the entire machining area of the machine tool is
accessible to the digital camera, and the distance be-
tween the optical axis of the digital camera and the Z-
axis of the machine is minimized.
[0016] Alternatively the machine tool comprises a sec-
ond chuck which is dedicated specifically to the digital
camera, said second chuck being coaxial to the central
chuck. The digital camera can still be manipulated auto-
matically. In this way the digital camera is either (auto-
matically) removed or left in place during the machining
operation, according to specific needs and possibilities
given by the configuration within the working area.
[0017] In a preferred embodiment the digital camera
has a wireless power supply and communication, that is:

- the digital camera has an integrated energy storage
such as a rechargeable battery or a capacitor, pro-
viding operation autonomy for typically one hour, or
the digital camera is inductively coupled with a part
of the machine tool to continuously provide the en-
ergy to the digital camera, and/or

- a wireless data transmission system.

[0018] In a preferred embodiment, the digital camera
is stored in the magazine of an automatic tool changer
(ATC) or a large capacity magazine, and manipulated by
a gripper of the ATC, a handling manipulator or a robot.
The storage for the digital camera may comprise a ded-
icated position with recharging means for the recharge-
able battery or a capacitor of the digital camera. In an-
other embodiment the digital camera is deployable by a
plurality of machines of an automated manufacturing cell,
having a shared robotic manipulator or other means by
which the digital camera can be used with more than one
machine. The machines can be same or different types
of machine tool. The digital camera communicates with
the control unit of the machine tool, with a cell computer
or with a host.
In this way the digital camera is used even more efficient-
ly, and its cost is shared by all machines. Each machine
which accesses the digital camera becomes also a sur-
face inspection machine and dimensional measuring ma-
chine, being thus capable to inspect an actual work and
take corrective action if needed and/or possible.
In operation, the digital camera is activated and posi-
tioned in the desired one or more positions to take one
or more images, i.e. the imaged area of the machined
surface. Each image is processed by a pattern recogni-
tion algorithm that was previously trained on training da-
taset.
[0019] Pattern recognition algorithms are known and
state of the art. The field of pattern recognition is con-
cerned with the automatic discovery of regularities in data
through the use of computer algorithms and with the use
of these regularities to take actions such as classifying
the data into different categories.. Pattern recognition al-
gorithms and exemplary uses are described for instance
in the book "Pattern Recognition and Machine Learning"

by the author Chr. Bishop, Springer publishing house,
ISBN 978-0-387-31073-2.
[0020] The pattern recognition algorithm (PRA-S) es-
timates the relevant surface characteristics of the ma-
chined surface, such as (but not limited to):

- Profile roughness parameters (Ra, Rz, Rmax, RSm)
- Areal roughness parameters (Sa, Sq, Sz)
- Specific features of functional surfaces, such as su-

per hydrophobicity

[0021] For each of the surface characteristics that can
be estimated given one camera image, the algorithm in
PRA-S may produce one of the following two outputs:

- a single value, which describes the average surface
characteristic over the whole surface area visible in
the input image.

- a 2D matrix of values, which corresponds to a map
that describes the value of the surface characteristic
in different parts of the imaged area. For example,
this map may be a 10x10 matrix, corresponding to
a regular 10x10 grid subdivision of the imaged area.
In each cell of the matrix, the estimated surface char-
acteristic in the corresponding part of the imaged
area is reported.

[0022] In the case of EDM, laser machining and other
thermal machining processes, the surface of a steel
workpiece is modified due to the short heating and rapid
cooling of a narrow area of the material, creating a so
called heat affected zone (HAZ). The HAZ comprises: a
top layer of the crater formed by resolidified material
(white layer, recast layer) which has been affected in
crystalline structure and to some extent in the chemical
composition; an intermediate layer which has not been
melted or vaporized by discharges, but has been modi-
fied in structure due to the rapid cooling; and, a base
material which has not been affected in crystalline struc-
ture. The depth of the HAZ depends on how deep the
heat of the discharges can penetrate into the material; it
is proportional to the energy of the discharge pulses,
mainly by the current amplitude, current pulse duration,
and pulse shape. White layer has an increased hardness
an brittleness, possibly with micro-cracks. With state of
the art EDM machines the HAZ is almost completely elim-
inated by progressively reducing the pulse energy to
small values.
[0023] Further, the process condition of an EDM proc-
ess may deteriorate producing defects such as arc spots
and black spots (burns). This occurs with poor flushing
conditions, notably with geometries having strong inden-
tations and protrusions, large electrode areas, improper
flushing flow, undersized interelectrode gap etc.. The di-
electric cools the molten material ejected from the crater,
which solidifies into small particles. If said particles are
not effectively removed from the gap, their concentration
can increase locally and subsequent discharges will oc-
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cur at the same or similar place. Concentration of dis-
charges may lead to the above mentioned defects. In-
deed, EDM machines are able to discern a deteriorating
process based on the process signals and discontinue
bad discharges, and react e.g.. by a flushing movement
or by extending the pulse pause (see EP 1 918 054).
[0024] Of course the problems described here above
occur not only with a die sinking electric discharge ma-
chining process, but likewise with almost all machining
processes. For instance a milling process may generate
chatter marks, burrs, breakouts, micro-geometrical er-
rors, etc.
[0025] Further, the base casting material may com-
prise various defects, such as inclusions, gas porosities,
and other non-uniformities.
[0026] Above mentioned defects may cause shortened
service life, premature failure of a component or simply
cause the workpiece to be discarded for esthetical rea-
son. It is thus desirable to identify and classify such de-
fects, in situ. This would allow to take corrective action
in the course of the actual manufacturing, reducing to a
certain extent the post-processing of the workpiece.
[0027] The preparation of the machined surface in view
of image acquisition should be as good as possible, i.e.
machining residues (chips, erosion particles, or the like)
and the processing fluid (dielectric, coolant, emulsion, or
the like) must be removed with a surface cleaning proc-
ess. If said cleaning process in not executed properly,
machining residues may be present on the surface, and
should be identified as residues and not as a surface
defect.
[0028] Thus, beside the aforementioned pattern rec-
ognition algorithm for the estimation of profile and areal
roughness parameters and specific features of functional
surfaces (PRA-S), the method for machining according
the invention further or alternatively comprises a pattern
recognition algorithm (PRA-D) for the identification of de-
fect patterns, in particular machining defect patterns,
such pitting, cracks, burns and the like, but also material
defect patterns emerging on the machined surface.
[0029] If a plurality of defects is identified as to be ma-
chining residues, it is thus possible to launch a cleaning
cycle and to repeat the image grabbing on the processed
surface.
[0030] The pattern recognition system is based on
known machine learning algorithms. In a preferred em-
bodiment, sophisticated algorithms are adopted to esti-
mate the parameters of the imaged surfaces; a non-ex-
haustive enumeration of such algorithms includes: Near-
est-Neighbor classifier, Nearest-Neighbor regressor,
Single-Layer or Multi-Layer Neural Networks, Convolu-
tional Neural Networks, Support Vector Machines (refer-
ence is made to the cited literature). These algorithms
must be previously trained on a training dataset. Some
of these algorithms operate on the images after numeric
features relevant to the task have been extracted and
computed from such images; other algorithms, such as
convolutional neural networks, operate directly on the

pixel values of the images and do not require to extract
numerical features from the images.
[0031] In another embodiment, the pattern recognition
algorithms searches the whole training dataset for the
images that best match (according to some defined met-
ric) the observed image, and returns as an estimate the
parameters of the corresponding reference surface in the
training dataset. Examples of such metric include (but
are not limited to): sum of absolute differences pixel-by-
pixel; sum of squared differences pixel-by-pixel; sum of
squared differences after the best alignment is found
among the new and reference images; euclidean dis-
tance in an high-dimensional feature space, where fea-
tures are computed using the Local Binary Pattern de-
scriptor or one of its variants; euclidean distance in an
high-dimensional feature space, where features are
computed using other texture descriptors.
[0032] Hereinafter the procedure for the acquisition of
the training dataset is explained in detail.
The training dataset is acquired once for all in a laboratory
setting during the development of the pattern recognition
system. In particular, in order to build the training dataset,
different reference surfaces (i.e. surfaces having differ-
ent surface characteristics) are produced by means of
the considered machining process using various work-
piece materials, various tools, and various machining pa-
rameter settings (regimes). Each reference surface is
then measured using a reference measuring equipment
of known accuracy and uncertainty; precise values for all
the relevant surface characteristics of each reference
surface are therefore known. This procedure is carried
out only once per pattern, so one can invest the needed
time and means to describe in detail this surface that will
be used as a reference surface for the estimation by pat-
tern recognition of future machined surfaces.
[0033] Preferably, for each reference surface, one or
more images are acquired with the same or a similar
digital camera and in same or similar acquisition condi-
tions that are implemented on board of a machine tool
with the final pattern recognition system. In other words,
the digital camera and the acquisition conditions used to
take images of reference surfaces in the laboratory en-
vironment should be same or similar with those used by
the pattern recognition algorithm on the machine tool in
the workshop to estimate the characteristics of a certain
machined surface. The acquisition conditions to be con-
sidered include in particular the light conditions of both,
the controlled illumination of the reference/processed
surface and the external illumination of the laborato-
ry/workshop under which the images of the reference
surface and the images of the processed surface are
captured.
It is to be noted that a certain reference surface can be
observed using different, well-defined light conditions so
as to get more images about that surface, for instance
by using a light ring comprising selectively addressable
LEDs. Of course said well-defined light conditions must
then be used also when grabbing the images of the proc-
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essed surface to be inspected. In practice, the inventive
system can implement one of two possible solutions to
deal with a suitable lighting.

- In one approach of the invention, one image is ac-
quired for every position of interest of the reference
surfaces and of the surfaces to be analyzed. This
image is acquired using always the same lighting
setup.

- In another approach, multiple images (N) are ac-
quired for every position of interest in the reference
surfaces, and in the surface to be analyzed. For each
image that is acquired, a different lighting setup is
implemented using the controllable illumination sub-
system (such as the ring of addressable LEDs cited
above). The lighting setup associated to the 1 st,
2nd, ... Nth images acquired for a given position is
determined in advance and is fixed. For example,
the 1 st image acquired for every given position may
always be illuminated using only a single LED at the
rightmost part of the illumination ring, whereas the
2nd image acquired for every given position may al-
ways be illuminated using all LEDs of the ring.

This results in a list of images of reference surfaces,
whose surface characteristics are precisely known by ref-
erence measurements, e.g. obtained using reference
measuring equipment, as the before-mentioned and
known roughness measuring instruments of Taylor Hob-
son Ltd. The images of reference surfaces and associ-
ated characteristics measured before with a reference
measuring equipment constitute the training dataset that
is then used in order to automatically train, that is to tune
the parameters of the pattern recognition algorithms used
by the inventive system. The learning phase, i.e. the train-
ing of the pattern recognition algorithms is made once,
preferably using a computer with superior processing
power and possibly specialized hardware such as Graph-
ics Processing Units (GPUs). Summarizing, the machin-
ing of the reference surfaces, determining the reference
surface characteristics, grabbing of reference images,
associating reference images to determined surface
characteristics, and training of pattern recognition algo-
rithms is done beforehand, once for all, in laboratory.
[0034] Once the training of the pattern recognition al-
gorithm is completed, the system is ready to be used in
the workshop, respectively by the end user. The acqui-
sition of one or more surface images of the machined
workpiece and estimation of one or more characteristics
of that machined surface by the pattern recognition al-
gorithms (hereinafter defined as measuring phase), may
be executed either at the end of the machining of a cavity
(nominal depth reached; target geometry reached), or at
an intermediate machining depth, for instance one or
more machining steps before the very last machining
step. In this case, the machining process is intentionally
paused to execute an intermediate measuring phase on
the desired machined surface. If the estimation of the

characteristics of the machined surface shows a non-
conformity with the expected results, then modified ma-
chining parameters (regime) and/or modified target
depth (or more generally the target geometry) are set to
complete the cavity. The machining process is then re-
sumed with the modified machining parameters respec-
tively with the modified target depth. If a corrective action
is not possible the control unit issues a warning message
and/or initiates an exception procedure. Said exception
procedure may comprise: stopping the machining proc-
ess, the automatic documentation of the non-conformity,
separation of the defective part from the good ones, etc.
The measuring phase may be executed upon request by
the user or autonomously by the CNC, based on the pro-
grammed settings.
[0035] In a further embodiment, the digital camera is
moved to one or more predefined positions of the work-
piece surface, taking images at said predefined positions
of interest. Alternatively, the digital camera is moved over
an entire selected area or over the entire machined work-
piece surface, e.g. in a wiping mode, taking a number of
images of adjacent regions. Then images of adjacent re-
gions are stitched together to provide an overall image
of the selected area. The individual images are proc-
essed by using the first pattern recognition algorithm
(PRA-S), or the second pattern recognition algorithm
(PRA-D), or both. The respective estimates are present-
ed, e.g. in a graph or diagram. The estimates may be
further analyzed to determine averages, maxima, mini-
ma, etc. of selected values. Preferably the estimates, are
superposed to the graphic representation of the current
machining, emphasizing maxima, minima, defects, etc.
In this way the user can easily correlate the estimates
with the position within a machining.
[0036] It is to be noted that pattern recognition algo-
rithm requires only a moderate processing power to es-
timate the characteristics of the machined surface, and
that the estimation based on said algorithm is carried out
in very short time. The required processing power is avail-
able with the control unit of a modern machine tool.
[0037] The invention provides a safe, economic and
effective method to inspect the processed workpiece to
guarantee that it is defect-free and has the required sur-
face quality. The method identifies unacceptable surface
characteristics, providing an invaluable early inspection
means. Also, by adopting an intermediate inspection in
the course of the actual machining the process, quality
and process reliability is improved.
[0038] A simplifying factor for the surface analysis and
for the application of corrective action is given by the fact,
that modern machine tools are more and more controlled
by expert systems that apply a pre-stored set of regimes
for a given machining task. This enables also an unex-
perienced operator to achieve good results. Related to
the invention, this has the effect that in most cases no
other regimes are possible, and the pattern recognition
system takes advantage of the input from the expert sys-
tem about the expected surface quality, and thus has
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only a limited field to search.
[0039] Other features of the inventive method will be-
come apparent to those skilled in the art from the follow-
ing detailed description of embodiments and its accom-
panying drawings.

Brief Description of the Drawings

[0040] Embodiments of the invention will now be de-
scribed, by way of example, and with reference to the
accompanying drawings, in which:

Fig.1a is a simplified schematic illustration of an EDM
machine with an optical measuring system
stored in a rack

Fig.1b is a simplified schematic illustration of the
EDM machine with the optical measuring sys-
tem placed in the machine head to take imag-
es of the surface

Fig.2 is an illustration of a manufacturing cell with
the optical measuring system placed in the
rack

Fig.3-4 are images of workpiece surfaces processed
by EDM with different machining parameters

Fig.5-6 are images of workpiece surface processed
by EDM with different parameters, captured
by a digital camera in view of estimation of
surface characteristics

Fig.7 is an image of a functional surface, having su-
perhydrophobic properties

Fig.8 is an image of a micro-crack in a surface
Fig.9 is an image of a burn in a surface
Fig.10 is a flow chart of the training dataset building

phase
FIG.11 is a flow chart of the algorithm for the estima-

tion of defects and surface characteristics

[0041] According to Fig.1a, there is illustrated a die
sinking electrical discharge machine 1, equipped with a
digital camera 12. The optical axis of the digital camera
is parallel with the Z-axis of the machine. The digital cam-
era acquires a 2D-image of the machining surface by
means of a 2D-digital camera or by a linear camera which
acquires the surface while camera and surface move lin-
early in the orthogonal direction with respect to each oth-
er. The tool electrode 10 is clamped to the chuck on the
machining head 16 whereas the digital camera 12 is safe-
ly stored in the rack 15 of an electrode changer, at the
border of the machining area or outside thereof, in a large
capacity magazine (cp. Fig.2).
After an initial machining phase, the machining process
is paused, the processing liquid is drained and the work-
piece 11 is prepared for a measurement. The area of
interest is cleaned and dried, either manually or automat-
ically.
[0042] The tool electrode 10 is removed from its work-
ing position by means of the electrode changer, stored
in rack 15 and replaced by the digital camera 12, which

is now precisely clamped to the chuck on the machining
head 16, as shown in Fig.1 b. A reclamping error of for
instance 2mm may normally occur with standard EDM
electrode tool holders. Normally said error is not relevant
for the present invention, however a correction cycle may
be used to correct the offset of the optical axis of the
digital camera with respect to the machine axis.
[0043] Figure 2 illustrates a manufacturing cell com-
prising a die sinking electrical discharge machine 1, a
large capacity magazine 2, a robotic manipulator 3
mounted on rails, and further machine tools or stations
(not shown). As illustrated the digital camera 12 is stored
in magazine 2, where it can be grasped by the robotic
manipulator 3 and clamped on machine 1 or another ma-
chine. A particular position within magazine 2 is dedicat-
ed to the digital camera 12, said position comprising a
charging unit 4 by which the battery of the digital camera
is charged. The charging occurs either inductively or by
physically contacting the digital camera.
[0044] The digital camera 12 takes one or more images
of the surface of the workpiece 11. Fig.3 shows a typical
crater-landscape as generated by a die sinking process.
The example has an Ra value of 1.26mm, and RSm =
78mm, which may be a achieved in a finishing step. The
machine memory, or a remote memory being accessible
to the machine, contains a pre-trained pattern recognition
algorithm. Such algorithm was previously trained using
a training dataset that has been created in laboratory by
machining a big number of reference surfaces and by
measuring them with sophisticated reference instrumen-
tation and obtaining several reference values, e.g. Ra,
Rz, RSm, Rt, Sa, Sz for each specific machining condi-
tion, i.e. a regime, electrode pairing. The training dataset
includes one or more images of each reference surface
with one or more reference values associated to said one
or more image of the reference surface.
[0045] The superior value of the invention can be un-
derstood by observing Fig.3 and 4, having the same mag-
nification. Although these two images look different, they
have the same Ra value. Therefore describing the sur-
face characteristics by only one surface characteristic
value, e.g. Ra, might not be sufficient. A holistic approach
that considers the totality of the surface, estimates not
only the frequently used surface characterization param-
eters Ra, Rz, RSm, Rt, Sa, Sz, but is also able to provide
a correct information about specific functional character-
istics of said surface (e.g. hydrophobicity, oleophobic-,
antibacterial).
[0046] Fig.5 and 6 are further images of a surface
which has been processed by EDM. The images are cap-
tured by a digital camera in view of the estimation of the
surface characteristics. It is to be noted that the surfaces
in figures 5 and 6 have same arithmetic roughness Ra,
but different width of profile elements RSm. By applying
a pattern recognition algorithm according to the inven-
tion, the surface characteristics are easily and quickly
estimated.
[0047] The figure 7 is an image of a functional surface,
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having superhydrophobic properties. Such surfaces
have very complex structures, which are impossible to
be described with the existing methods. The invention
provides however a cost effective solution for the surface
inspection, which is affordable by all machine tool users,
whereas the sophisticated, very expensive measuring in-
struments necessary in the state of the art are out of
reach for most of them.
[0048] Figure 8 is a polished micrograph section of the
machined workpiece, illustrating an important crack oc-
curred in a recast layer. Fig.9 is a picture of the machined
workpiece showing burning marks. Such damages can
occur for several reasons, e.g.. with unsuitable process-
ing parameters, but also due to difficult flushing condi-
tions and the like. It is important to avoid such defects;
should they occur anyway it is imperative to locate them
safely.
[0049] The sequence to build up a training dataset for
a pre-trained pattern recognition algorithm is illustrated
in figure 10: Firstly, reference surfaces are produced with
defined regimes. One or preferably more images of each
of the reference surfaces are captured with a suitable
digital camera and illumination setup, which are similar
to those implemented in the machine. The surface char-
acteristics of these surfaces are determined by using ref-
erence measuring equipment, for instance the men-
tioned and known roughness measuring instruments of
Taylor Hobson Ltd. The images of the produced refer-
ence surfaces and the associated measured surface
characteristics are listed in a dataset and constitute the
training dataset that is then used in a learning phase to
train the pattern recognition algorithms used by the in-
vention.
[0050] A possible operational sequence of the inven-
tive method is illustrated in Fig. 11 for a simplified ma-
chining task, i.e. erosion in Z axis (vertical). At a prede-
termined intermediate point the machining process is
paused, and the workpiece 11 is prepared and an image
is taken by means of the digital camera 12, as explained
further above. A pre-trained pattern recognition algorithm
estimates the surface characteristics or the presence of
surface defects based only on the image of the machining
surface. This can be done in one or - as figure 11 illus-
trates - in two steps: a first pattern recognition algorithm
(PRA-D) estimates the presence of surface defects (see
e.g. figure 8). A second pattern recognition algorithm
(PRA-S) estimates the surface characteristics.
If the estimates determined by one or both pattern rec-
ognition algorithms PRA D and PRA S do not correspond
to the desired value, the machine can adjust the process-
ing parameters and resume therewith the machining
process to correct this inaccuracy. Therefore it is advis-
able to check the surface when there is still room to allow
an eventual correction. The above mentioned predeter-
mined point of the machining is preferably a predeter-
mined machining depth. For example, if the machining
depth is Z = -10 mm, the check may be done at -9.95
mm, to allow 50 mm of processing by using a correction

regime. Alternatively the above mentioned predeter-
mined point of the machining may be a predetermined
processing time, or a predetermined regime, or other cri-
teria. If both pattern recognition algorithms PRA D and
PRA S do not determine any surface defect or surface
quality problem, the processing of the workpiece can con-
tinue or - in case the inventive measuring method is ap-
plied at the end of the machining process - the machining
process is ended with that determination of the surface
characteristic.
[0051] In a preferred embodiment the machine further
comprises a means or method for the dimensional meas-
urements, such as measurement of the effective (inter-
mediate or final) depth of the cavity. For instance, the top
surface and bottom of cavity may be touched by the elec-
trode or by a touch probe, or, the digital camera used to
take the images comprises a feature to determine the
exact Z position of the surface and can thus be used to
determine the depth of the cavity. In case of deviation
with respect to expected intermediate depth values, the
machining depth can be corrected by resuming the ma-
chining. The remaining amount of material is hereby iden-
tified more precisely in view of an eventual correction to
achieve the desired surface characteristics respectively
the desired roughness at the final workpiece surface.
[0052] As just explained, the inventive method in-
cludes in a preferred embodiment that a second pattern
recognition algorithm (PRA-D) is used to detect, i.e. es-
timate the presence of a number of possible surface de-
fects. These defects can be pitting, cracks, burns, etc.
(see figure 8 and 9).
Preferably, the second pattern recognition algorithm
(PRA-D) to detect surface defects is applied before the
pattern recognition algorithm (PRA-S) to estimate the
surface characteristics. If a surface defect is determined
by the second pattern recognition algorithm (PRA-D), the
process parameters are adjusted accordingly. This qual-
ity control is very important e.g. for the aerospace appli-
cations. Micro-cracks as illustrated in figure 8 can have
catastrophic consequences. At least they reduce the life-
time of the parts, so that they have be avoided. By using
the inventive method, defective workpieces can automat-
ically be discarded by separating them from the good
parts, and non-conformities are automatically document-
ed.
[0053] The defect check can also be process driven,
e.g. in case the acquired EDM machining process pa-
rameters signal a deteriorated or dangerous situation
(e.g. short circuit or arcing rate). In such a case the ma-
chining process can be stopped and a defect check ac-
cording to the inventive method can be carried out.
[0054] Since the position of the electrical discharge can
be detected in modern EDM machine tools, a map of the
zones with deteriorated discharges can be generated. In
this way the inspection according to the invention can
possibly be reduced to the zones where such a deterio-
rated or dangerous situation has occurred.
[0055] Some minor defects, like burns (see figure 9),

13 14 



EP 3 326 749 A1

9

5

10

15

20

25

30

35

40

45

50

55

can be corrected by applying a reversed polarity (elec-
trode negative, workpiece positive) and by generating
very short pulses, or positive polarity and low frequency
pulses.
In this case, according to the invention, first the minor
defects are removed, then the correct roughness is
achieved as explained further above.
[0056] The invention addresses the specific deviations
of the current machining with respect to target values and
tolerances, thus providing an adaptive machining proc-
ess.
[0057] The invention can be applied to most types of
machine tools and machining operations of workpieces,
such as electric discharge machines, laser processing
machines, a grinding machine or milling machines.
[0058] The invention relates also to machine tools,
which are accordingly equipped to apply the inventive
method. Therefore prepared machine tools for the ma-
chining of workpieces include a computer numerical con-
trol system (CNC) for controlling the processing of a work-
piece. The computed numerical control system (CNC) is
equipped with an integrated inspection system for the
determination of the surface characteristics and/or char-
acteristic defects of the processed workpiece surface.
The computer numerical control system (CNC) with its
integrated inspection system machines and inspects the
workpiece in accordance with the inventive method. The
inspection system is equipped with a digital camera, pref-
erably removable mounted inside the machine tool.
[0059] Preferably the machine tool is an electric dis-
charge machine, a laser processing machine, a grinding
machine or a milling machine.
[0060] In a preferred embodiment, the machine tool
includes an associated tool magazine in which the digital
camera is stored. Preferably, the digital camera is a wire-
less digital camera.
[0061] Further, the invention relates also to manufac-
turing cells including two or more of the inventive machine
tools. The manufacturing cell includes a tool magazine,
which is shared by the machine tools of the manufactur-
ing cell. Preferably, the digital camera is deployable by
a plurality of machine tools of said manufacturing cell.
Most preferably the digital camera is store in the tool mag-
azine and deployable by the machine tools of the man-
ufacturing cell.
[0062] The present invention is not limited to the ex-
plicitly explained examples and embodiments. The illus-
trated alternatives are rather to be considered sugges-
tions intended to motivate the person skilled in the art to
implement the invention in a most favorable way.

References

[0063]

1 machine tool
2 tool magazine, electrode magazine
3 robotic manipulator, robot

4 charging unit
10 tool electrode
11 workpiece
12 digital camera
15 rack, tool holder
16 machining head

Claims

1. Method for the machining of workpieces (11) and
inspection of a processed workpiece surface in a ma-
chine tool (1), the method comprising at least one
machining process interruption during which the
processed surface of the workpiece (11) is inspect-
ed, characterized in that,
within said machining process interruption at least
one image of the processed workpiece surface is
captured in situ by means of a digital camera (12),
and that said at least one image is processed by a
pattern recognition algorithm (PRA D, PRA S) which
was previously trained by means of a predefined
training dataset,
whereas said predefined training dataset comprises
one or more reference images of a plurality of refer-
ence surfaces, each reference image being associ-
ated to one or more known surface characteristics
and/or to a known characteristic defect of a reference
surface,
and that at least one surface characteristic of the
processed workpiece surface captured on the at
least one image or the presence of one or more char-
acteristic defects of the processed workpiece sur-
face captured on the at least one image is estimated
by the pattern recognition algorithm (PRA D, PRA
S), assigning the corresponding surface character-
istic and/or the characteristic defects determined by
the pattern recognition algorithm.

2. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to claim 1, the method comprising
one or more pattern recognition algorithms, wherein:

- one pattern recognition algorithm (PRA-S) is
trained to the estimation of at least one surface
characteristic of the processed workpiece sur-
face; and/or
- one pattern recognition algorithm (PRA-D) is
trained to the estimation of the presence of char-
acteristic defects on the processed workpiece
surface.

3. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to claim 1 or 2, comprising one or
more predefined training datasets, characterized in
that said at least one predefined training dataset

15 16 



EP 3 326 749 A1

10

5

10

15

20

25

30

35

40

45

50

55

comprises a list with a plurality of records, whereas
each record comprises

- a reference image and at least one known sur-
face characteristics associated to said reference
image; or
- a reference image and a known characteristic
defect.

4. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to claim 3, characterized in that
said one or more predefined training datasets and/or
said one or more pattern recognition algorithms are
stored:

- in a machine tool control unit of the machine
tool (1); or
- remotely, and is accessible to a machine tool
control unit of the machine tool (1) by means of
a network.

5. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to one of the preceding claims,
characterized in that the pattern recognition algo-
rithm PRA-S is trained to estimate at least one of the
following surface characteristics:

- Profile roughness parameter (Ra, Rz, Rmax,
RSm); or
- Areal roughness parameter (Sa, Sq, Sz); or
- Specific feature of a functional workpiece sur-
face.

6. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to claim 5, characterized in that
said specific feature of functional surfaces is asso-
ciated to one of the following workpiece surface prop-
erties: superhydrophobic-, oleophobic-, antibacteri-
al.

7. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to one of the preceding claims,
characterized in that the pattern recognition algo-
rithm PRA-D is trained to identify defects on the proc-
essed workpiece surface, the defects being one or
more of: a pitting mark, a micro-crack, a burn mark,
a chatter mark, a burr, a breakout, a micro-geomet-
rical error, a material defect, a machining residue.

8. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to one of the preceding claims,
characterized in that the processed workpiece sur-
face is inspected within the machining process inter-

ruption of a current machining process, whereas said
machining process interruption is:

- a machining process pause; or
- the end of the machining process.

9. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to claim 8, characterized in that,
the processed workpiece surface is inspected within
a machining process pause, and that at least one
characteristic of the machined workpiece surface
which is estimated by the pattern recognition algo-
rithm PRA-S and/or PRA-D and compared with a
target characteristic, and that based on said com-
parison the machining process is either resumed,
ended or aborted.

10. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to claim 8, characterized in that,
the machining process is resumed and that machin-
ing parameters are either left unaltered or changed
in consideration of the estimate of pattern recognition
algorithm (PRA-D) and/or with the estimate of the
pattern recognition algorithm (PRA-S).

11. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to claim 9, characterized in that,
the processed workpiece surface is inspected within
a process pause or upon process completion, and
that at least one estimated characteristic of the ma-
chined workpiece surface is compared with a target
characteristic, and that one or more of the following
actions are taken:

- the at least one estimated characteristic and
comparison with the target characteristic is doc-
umented;
- the workpiece is handled according to the result
of the comparison as good or defective.

12. Method for machining of workpieces (11) and inspec-
tion of the processed workpiece surface in a machine
tool (1) according to one of the preceding claims,
characterized in that said machining process inter-
ruption comprises one or more cleaning and drying
cycles in view of the image capturing with a digital
camera (12), whereas the cleaning and drying cycle
is repeated if the pattern recognition algorithm (PRA-
D, PRA-D) estimates one or more defects as to be
machining residues.

13. Machine tool (1) for the machining of workpieces
(11), including a computer numerical control system
(CNC) for controlling the processing of a workpiece
(11), wherein the computed numerical control sys-
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tem (CNC) is equipped with an integrated inspection
system for the determination of the surface charac-
teristics and/or characteristic defects of the proc-
essed workpiece surface, characterized in that
the computer numerical control system (CNC) with
its integrated inspection system machines the work-
piece (11) in accordance with one of the preceding
method claims,
the inspection system being equipped with a digital
camera (12), preferably removable mounted inside
the machine tool (1),
most preferably the machine tool (1) is an electric
discharge machine, a laser processing machine, a
grinding machine or a milling machine.

14. Machine tool (1) for the machining of workpieces (11)
according to claim 13 including an associated tool
magazine (2), characterized in that the digital cam-
era(12) is a wireless digital camera, and that said
wireless digital camera (12) is stored in the tool mag-
azine (2) associated to the machine tool (1).

15. Manufacturing cell including more than two machine
tools (1) according to claim 13, the manufacturing
cell further including a tool magazine (2) shared by
the machine tools of the manufacturing cell, char-
acterized in that the digital camera is deployable
by a plurality of machine tools of said manufacturing
cell.
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